Wet milling coupled with crystallisation has considerable potential to deliver enhanced control over particle attributes. The effect of process conditions and wet mill configuration on particle size, shape and surface energy has been investigated on acetaminophen using a seeded cooling crystallisation coupled with a wet mill unit generating size controlled acetaminophen crystals through an interchangeable rotor-tooth configuration. The integrated wet milling crystallisation platform incorporates inline focused beam reflectance measurement (FBRM) and particle vision measurement (PVM) for in-depth understanding of particle behaviour under highshear conditions. We used a recently developed computational tool for converting chord length distribution (CLD) from FBRM to particle size distribution (PSD) to obtain quantitative insight into the effect of the competing mechanisms of size reduction and growth in a wet milling seeded crystallisation process for acetaminophen. The novelty of our wet milling crystallisation approach is in delivery of consistent surface energies across a range of particle sizes. This highlights the potential to engineer desirable particle attributes through a carefully designed, highly intensified crystallisation process.
Introduction
Crystallisation is a widely used technique for purification and imparting control of the physical properties of molecular solids including pharmaceuticals, agrochemicals, dyes, pigments as well as other functional materials. Within pharmaceutical manufacturing, an important goal is to design the required crystallisation process to deliver robust control over particle properties (form, purity, size, shape, mechanical) to ensure consistent performance (Baxendale et al., 2015; Beckmann, 2013) . The flexibility of batch crystallisations and ease of operation for pharmaceuticals & fine chemicals is widely established both in research and industrial settings (Fujiwara et al., 2002; Pérez-Calvo et al., 2016; Saleemi et al., 2012) . However there is an increasing interest in the application of continuous processing technologies using continuous crystallisation in pharmaceutical manufacturing as a means to control crystal properties and deliver consistent particulate products (Badman and Trout, 2015; Brown et al., 2017; Lawton et al., 2009; Mascia et al., 2013) . Whilst widely used in the production of large volume commodity chemicals, there is increasing number of industrial examples and support from regulatory authorities including the FDA in demonstrating the potential value of continuous crystallisation in the supply of medicines and other high value chemicals (Chatterjee, 2012; Srai et al., 2015; Yang et al., 2017) .
Recent integration of wet media milling technologies particularly rotor-stator devices, have been shown to avoid common issues encountered with traditional dry milling units. These include introduction of crystal lattice disorder, undesired polymorphic and amorphous transformations, broad bimodal particle size distributions, loss of yield and process control as well as increased energy cost (Anderson, 2012; Kim et al., 2003; Variankaval et al., 2008) . They can be applied in an array of process configurations such as in a recycle-loop mode with integrated PAT showing controlled crystal size reduction in suspensions even with the occurrence of competing phenomena such as primary & secondary nucleation and multiple breakage mechanisms (Cote and Sirota, 2010; Lee et al., 2004; Yang et al., 2016) . Mass fracture is a common breakage mechanism in wet milling which is usually understood as rapid crystal size reduction of the primary particle (Donovan, 2003) .
There are a range of fundamental mechanisms that have been proposed to describe secondary nucleation in suspensions of crystals (Agrawal and Paterson, 2015; Botsaris, 1976; Garside and Davey, 1980) . Kamahara (Kamahara et al., 2007) demonstrated the dominance of secondary nucleation through a semi-batch crystallisation process with the aim of generating fine particles both at laboratory and pilot scale in wet milling. Yang (Yang et al., 2015) applied a high shear wet mill as an upstream & downstream nucleating device for acetaminophen crystallisation. Analysis of start-up, yield index and size distribution on a continuous mixed suspension mixed product removal (MSMPR) crystalliser with PAT was investigated to which secondary nucleation was predominant when used in a downstream recycle configuration. The practical ease of incorporating the recycle method was further demonstrated on a 3-stage MSMPR for a seeded cooling crystallisation workflow development via Brown (Brown et al., 2018) . The number of continuously generated seeds allowed for the crystallisable product mass to be targeted and optimised via an integrated flowsheet produced in gCrystal 4.2.0 where secondary nucleation kinetics were modelled explicitly. Further characterisation and population balance modelling of wet milling facilitating nucleation and breakage kinetics have also been implemented Luciani et al., 2015; Szilágyi and Nagy, 2018; Yang et al., 2016) . However, complete decoupling of mechanisms in wet milling-crystallisation processes is yet to be extensively investigated.
In addition, several studies have outlined scaling expressions for geometrical characterisation of wet mills. Harter (Harter et al., 2013) constructed a slot event model through predicting milling time to achieve a target particle size whereby the frequency and probability of a slot event within a Quadro Ytron HV wet mill was modelled. Engstrom (Engstrom et al., 2013 ) introduced an energy dissipation rate (E*) model for particle size reduction in toothed rotor-stator wet mills across process scales by accounting for the mechanistic framework of the wet mill. More recently, Luciani (Luciani, 2018 ) correlated the relative critical particle size and relative cumulative energy imparted to the particles for breakage analysis and particle size prediction through construction of a master curve for several organic materials. Whilst considerable attention has been focused towards particle change during a milling process, understanding the effect of toothed rotor-stator wet milling on surface properties such as surface energy distributions and surface areas are yet to receive wider attention (Ho et al., 2012; R Williams, 2015) . A particular study from Luner (Luner et al., 2012) found the impact of high shear wet milling to increase surface energies of sucrose and succinic acid when compared to dry milling and crystallised material however a definitive rationale for the observed effects has yet to be developed.
In this study, an investigation of the relationship between process parameters and product attributes is presented for acetaminophen using a semi-continuous wet milling seeded cooling crystallisation process (Fig. 1) . Utilising a toothed rotor-stator wet mill, selected teeth configurations (coarse, medium, fine and multiple-stage) were operated from low to high rotational speeds (rpm). Constant inline PAT (process analytical technology) monitoring of chord length distributions (µm) with offline volume weighted circle equivalent diameter [4, 3] (µm), aspect ratio and circularity was assessed simultaneously at various milling turnovers. Chord lengths (μm) from FBRM were inverted to provide an estimation of inline particle size distribution (PSD) at specified milling times through an in-house inverse algorithm method (Agimelen et al., 2015; Agimelen et al., 2018a Agimelen et al., , 2018b . Agglomerated bimodal seeds which are commonly produced by standard offline seed generation techniques, was the input material to test for the overall robustness of the process to deliver narrowing of the particle size distribution throughout. This work to our knowledge is the first study to test this process as well as variability in wet mill teeth and speed (rpm) arrangement on material surface properties through measurement of surface areas and surface heterogeneity.
Experimental section

Materials and methods
The model compound studied for this system was acetaminophen which is a widely known analgesic and antipyretic compound. It was purchased from Sigma-Aldrich (98-102%). 2-propanol (reagent grade, CAS: 67-63-0, Assay (GLC) > 99.5%) was purchased from Fisher Scientific, UK. Distilled water was used for all experiments. A Mettler Toledo OptiMax™ workstation consisting of a 1 L stirred tank crystalliser (STC) equipped with an inline Hastelloy® Pt100 temperature sensor was used for all experiments with the system controlled and operated through the iControl v5.4 software. The following Mettler Toledo inline process analytical technology tools used for each of the experiments were: FBRM probe (G400 series) for particle tracking and chord length distribution by laser back-scattering (iC FBRM V4.3) and a PVM V819 probe with online image acquisition software V8.3 included. An IKA MagicLab (Module UTL) wet mill unit was used for the inline milling process. Mill outlet temperature was monitored on the IKA operating unit display. Rotational speeds were operated from 6000 to 18000 rpm, with varying teeth configurations investigated across coarse, medium and fine rotor-stator tooth pairs as well as a multiple-stage configuration incorporating all three (coarse, medium, fine). The temperature of the wet mill chamber was manually controlled during milling to match the temperature of the feed solution within 1°C throughout cooling. Fig. 1 . Schematic highlighting potential mechanisms involved when operating a wet milling seeded crystallisation (WMSC) process, adapted from (Engstrom et al., 2013) . A de-agglomeration phase within the mass fracture mechanism can also occur when agglomerated starting material is used.
Seed preparation
Seed crystals of raw acetaminophen used for the experiments were prepared through an offline vibratory ball mill (Griffin & George) and sieved (Fritsch analysette 3 type) approximately into the required size fraction; 25-63 (μm) . This fraction was used for all experiments.
Particle size and shape characterisation
For offline sample analysis, a Malvern Morphologi G3 (Malvern Instruments Ltd, Malvern, UK) was used for both particle size and shape measurements (×10, 0.5-1000 μm). Samples were prepared using a high energy dry dispersion unit requiring 5 mm 3 of recrystallised acetaminophen. Particle properties were then measured as responses ranging from volume weighted circle equivalent diameter [4, 3] (µm), aspect ratio and circularity of the milled compound. Both a high and low energy dispersion method was used for characterising the seed crystals. Offline particle size distribution data was further processed to give a density distribution on the ordinate axes; a probability density distribution (PSD) was plotted against volume weighted circle equivalent diameter [4, 3] (μm) to give a final offline particle size distribution.
Scanning electron microscope (SEM)
SEM images of obtained samples were recorded in backscattered mode at a beam voltage of 900 V using a U9320B Field Emission Scanning Electron Microscope (Keysight, USA). Sample preparation involved mounting the samples on aluminium stubs using a carbon tape and coating with a 10 nm gold layer using an EM ACE 200 sputtercoater (Leica Inc., Germany).
Surface energy characterisation
An iGC-SEA (Surface Measurement Systems Ltd, London, UK) system was used for surface energy and Brunauer, Emmett, Teller (BET) specific surface area analysis. Acetaminophen powder (∼800 mg) from the milled product on starting seeds was packed into an iGC glass column (3000 × 4 mm ID) with silanised glass wool inserted at each end. Duplicate columns were prepared for all samples. Helium was used as the inert carrier gas at a flow rate of 10.0 standard cubic centimetre per minute for all injections. First the BET specific surface area was cal-
for each sample using octane as the adsorbate and each target fractional surface coverage n n ( / ) m assigned between the minimum and maximum coverage (P/P 0 range 0.05-0.35). Then, a series of purely dispersive n-alkane vapour probes all of high purity, HPLC-grade solvents (undecane, decane, nonane and octane) were injected at different concentrations and a target fractional coverage area from 0.005 to 0.2. This allowed the dispersive component ( d) at a given surface coverage n n ( / ) m to be determined for all the samples using the net retention volume (V N ) at specified target coverage by the peak maximum parameter. Using all non-polar solvents, the surface heterogeneity of the samples was determined by calculating the dispersive surface energy (Y ) SV d of acetaminophen according to the DorrisGray peak max method using the surface measurement systems advanced analysis software (V.1.4.2) (Doris and Gray, 1980; Kondor et al., 2015) . Each sample produced a standard error ranging from 0.2 to 2.2%. A detailed background review to deriving the surface energy descriptor can be found from numerous sources (Kondor et al., 2015; Newell et al., 2001; R Williams, 2015) .
Wet milling seeded crystallisation process
A seeded cooling crystallisation process was selected using ca. 1.84% seed loading, solution starting concentration 179.6 g/1000 g of 2-propanol and a constant cooling profile from 35°C to 10°C over 3 h. The rationale for the selected conditions was to maximise crystal 
Fig. 2.
Temperature dependent solubility profile for acetaminophen in 2-propanol (Hojjati and Rohani, 2006) with the experimental trajectory and key process step annotated. Seed conditions are shown in Table 1 . growth within the metastable zone width by adding low seed mass of high surface areas at high concentrations (Table 1 , Fig. 2 ). A slow cooling profile was employed to promote growth and avoid any undesired nucleation events. To monitor the impact of wet milling mechanisms and its performance as a continuous device, the crystallisation was then operated whilst simultaneously wet milling the suspension under different rotor-stator teeth configurations and rotational speeds (rpm) from low to high through a recycle-loop mode (Figs. 2 and 3). A normalised energy dissipation rate E resulting from the wet milling geometry for predicting particle size was calculated from incorporating the rotor tip speed S r and shear frequency f sr (Engstrom et al., 2013) :
Here subscript b represents the reference case where experimental values are obtained and normalised to and E r is the relative energy term which considers the kinetic energy of the rotor tooth collision with particles in slurry. The relative weighting factor r includes the shear frequency f sr , residence time and area of collision on the rotor tooth A cr . For shear frequency f sr , the number of outer teeth located on the rotor NR O and stator NS O tooth as well as the angular rotational speed were measured. Hence, shear frequency f sr expands on rotor tip speed S r as the outer diameter of the rotor tooth and angular rotational speed are included. Residence time includes the slurry turnovers N ST , the number of generators N G and the volumetric flow rate through the wet mill Q. Measured width W r and height H r of the rotor is included in the area of collision A cr term. A more detailed description to the normalised energy dissipation rate E * model can be found (Engstrom et al., 2013) .
Acetaminophen (120 g) was added to 2-propanol (669.5 g) within the OptiMax 1 L vessel. FBRM and PVM were integrated within the vessel. The cooling profile was based on the temperature dependent solubility of acetaminophen in 2-propanol ( Fig. 2) (Hojjati and Rohani, 2006) . The solution was prepared by heating the mixture to 50°C over 15 min with the agitator set to 600 rpm. After a further 30 min the solution was then slowly cooled to 35°C over 15 min. Seed crystals (size fraction of 25-65 μm) were prepared in a separate flask and added to the vessel as a slurry suspension (2.24 g/1.84%, Fig. 3 ). An additional 30 min hold period at 35°C was carried out to allow seed dispersion. A linear cooling profile (0.13°C/min) over 3 h was then implemented down to 10°C with wet milling occurring simultaneously during this cooling period. A further hold period from 30 min to 1 h at 10°C was carried out. The recrystallised product suspension was then filtered (90 mm mean diameter) using a Büchner funnel, washed with chilled distilled water and dried overnight (40°C) in a vacuum oven.
Experimental runs tested different rotor-stator configurations including the number of teeth (coarse, medium and fine) and rotational speeds ( Table 2 ). The total number of outer teeth on the rotor and stator ranged from 13 to 61 which only considered the outer teeth. The E model considers the combination of generators within the mill setup to consist of one generator as additional generators simply increases the residence time in the wet mill chamber with the imparted energy being the same from one generator to the next. Samples were taken for the majority of the experiments at different milling residence times (min) consisting of every 28 min as each set of conditions was dependent on the number of slurry turnovers N ST and the volumetric flow rate Q. As no separate pump was used in the recycle-loop to avoid process complexity, the wet mill rotational speed provided continuous recirculation of the suspension and can be selected to match the volume to pumping ratio (Fig. 3) . The volumetric flow rate Q was calculated from the wet mill rotational speed and the suspension volume (Table 2) . A relatively Table 2 Investigated parameters for the wet milling seeded crystallisation process. 28, 56, 84, 112, 140, 168 36, 73, 109, 145, 182, 218 1, 2, 3, 4, 5, 6 B. Ahmed et al. International Journal of Pharmaceutics 554 (2019) 201-211 high flow rate of 1.30 (L/min) was achieved for the selected 18000 rpm speed in comparison to 0.29 (L/min) at 6000 rpm. For the decoupling experiments, a seeded cooling crystallisation experiment with no mill was carried out using the same concentration and cooling profile as well as seed mass and size. Two saturated wet milling experiments under the same process configurations were also conducted at fixed temperature with no cooling profile implemented (Table 3) .
Results and discussion
Particle size and shape analysis
To control the behaviour of cooling crystallisation, seeding with existing crystals of the parent form allows greater reproducibility of the desired product attributes such as PSD (Aamir et al., 2010) . However, often poor seed qualities such as bimodality and agglomerated seeds are commonly introduced into crystallisation processes making it difficult to control and deliver a monodisperse PSD of the final product. One method to overcome this is to integrate a wet mill to deliver tightening of the PSD over time and increase nucleation kinetics of slowly nucleating compounds as shown in Fig. 4 .
Cooling crystallisation, no mill
From Fig. 4 , initial data captured via an FBRM probe displays normalised total particle counts as a function of time from the conducted experiments. A seeded cooling crystallisation process without wet milling with the same seeding conditions and cooling profile was implemented. This was to observe the growth behaviour of acetaminophen in 2-propanol. For this experiment, total counts increase very slowly over time in contrast to other observed trends when wet milling is coupled (Fig. 4) . This indicates the crystallisation to be of a slow growing system with agglomeration occurring as observed from the PVM images (Fig. 5) . Ultimately, this results from agglomerated seeds introduced which leads to a broad final PSD (Fig. 7B) . Therefore secondary nucleation, breakage or de-agglomeration is likely to be insignificant from this experiment.
Saturated 35°C, coarse 18 k rpm
The wet mill was now coupled to the stirred-tank with a seeded suspension being continuously recycled at constant temperature to decouple the effect of crystallisation. This was to primarily identify the mechanisms arising from wet milling only. For the saturated coarse 18 k at constant temperature of 35°C had shown a significant impact on the total counts (Fig. 4) . Here, the dominant effect of mass fracture after mill start-up is clearly observed with de-agglomeration of the seed particles. The effect of mill start leads to an immediate sharp increase in total counts (5-10 min, Fig. 4 ) resulting in rapid size reduction within 30 min of milling as seen from the immediate shift from inline particle size distributions (Fig. 6C) . The total counts then reached an almost steady-state value (Fig. 4) for the remainder of the experiment as no additional mechanisms are believed to be occurring which can be further noticed from the matching inline PSD trends for 1 hr and end milling periods (Fig. 6C) . Hence no increase or decrease in particle size occurred. For this decoupling experiment, mass fracture and de-agglomeration are therefore predominant.
WMSC, coarse 6 k rpm & coarse 18 k rpm
Examining two selected WMSC at low and high rotational speeds (rpm) (Fig. 4 , coarse 6 k & 18 k) introduces additional mechanisms with the most significant being secondary nucleation. Total count trends and inverted chord length distributions (Fig. 4, Fig. 7A & B) indicate that milling the suspension under supersaturated conditions during cooling gives rise to a significant reduction in mean particle size with an accompanying increase in the number of counts, largely due to mass fracture and de-agglomeration during the initial 30 min of mill start. This immediate breakage and de-agglomeration of the starting seed particles is simultaneously observed from the significant inline particle size distribution (μm) shift ( Fig. 6A and B) and is clearly seen from the PVM images (Fig. 5) . Total counts display sharp increases within 20 min of starting the mill after which they approach constant values (Fig. 4) . Larger counts decrease rapidly over time as a result of mass fracture due to interaction of the largest particles with the mill teeth (Figs. S3 and S4 ESI). The gradual levelling of the total counts during the latter stages of milling is attributed to the completion of the initial mechanisms and depletion of larger particles remaining in the system, with fines generation still evident (< 10 μm, Figs. S3 and S4 ESI) due to milling and secondary nucleation (Kamahara et al., 2007; Yang et al., 2015) . Interestingly during the WMSC process, mass fracture followed by fines generation whereby attrition of particles produces fines growing under the influence of supersaturation results in observed particles. During Fig. 4 . Total count profiles versus time for each of the experimental conditions.
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the saturated milling experiment at 35°C, mass fracture is followed by no detectable fines generation as the attrition mechanism is creating fines subsequently not growing to a point observable without the driving force of supersaturation (Agrawal and Paterson, 2015) . However, from the conducted experiments we observed initial occurrence of a mass fracture process from both the WMSC and saturated wet milling at constant temperature. As a consequence, secondary nucleation arising from the driving force of supersaturation and attrition during WMSC process is predominant during the latter stages of cooling with imaging showing the clear increase in particle population as a result of this process (Fig. 6) . Similar trends were consistently seen when varying teeth configuration across the WMSC experiments (Table 2 ). Incorporation of inline FBRM and PVM during a wet milling process thus serve as essential process monitoring tools (PAT) to identify and distinguish between coinciding mechanisms (Fig. 1) occurring at specific time intervals during an experimental run (Cardona et al., 2018) . The CLD-inversion algorithm had successfully tracked inline particle size during the experiments. For WMSC at coarse 6 k & 18 k, a gradual shift in PSD from right to left is seen (Fig. 6A-C) . Whilst tightening of the distribution occurs from the effect of wet milling, wider distributions were obtained for end mill & cool points (Fig. 6A and B) . This was due to particle agglomeration during the end hold period without wet milling. A substantial advantage from inline wet milling is its ability to act as a continuous de-agglomerating tool whilst maintaining a narrow PSD. This is also evident from the breakage only experiments to which particles had reduced and remained narrow with a shorter end hold period (Fig. 6C) . Without wet milling applied, a minimal shift in PSD from left to right occurs due to slow growth kinetics of acetaminophen in 2-propanol (Fig. 6D) .
Collected offline particle sizes as a function of volume weighted circle equivalent diameter (μm) of end milled product emphasises the robustness of the process to deliver a consistent narrow PSD when using a higher rotational speed (rpm) than lower speeds ( Fig. 7A and B) . PSDs measured at different slurry turnovers can be additionally seen in the ESI. As rotor-stator teeth arrangement and rotational speed (rpm) are the two main governing factors of the wet mill, we identify rotational speed (rpm) as the main factor for targeting smaller particle size ranges with tighter spans as seen from the Dv50 values (Table 4 ). Maximum energy dissipated E values reached 6 for 18000 rpm compared to 1.33 for 6000 (rpm). The normalised energy dissipation rate E correlated well with mean square weighted CLD (μm) from FBRM measurements for individual experiments, however a breakdown in the correlation term occurred when incorporating all conducted experiments and predicting against offline particle sizes at different slurry turnovers (Table 2, ESI). The breakdown can be attributed to several reasons such as breakage, attrition, growth and secondary nucleation (Fig. 1) all of which are not included in the mechanistic model. Selecting an accurate method for particle size characterisation, contribution of inner teeth to the overall energy dissipated and particle mechanical properties could be additional factors. Interestingly, the wet milling process was able to deliver narrow PSDs from a significantly skewed bimodal seed starting material under different rotor-stator teeth configurations specifically at higher rotational speeds (Fig. 7) .
The effect of wet milling on crystal shape is yet to receive wider attention in the literature, however coupling temperature-cycling with milling for needle-like crystals is an emerging area of interest (Salvatori and Mazzotti, 2017; Wilson et al., 2018) . Whilst dry milling can often produce irregular shaped particles, the WMSC process through varying teeth arrangement and rotational speed (rpm) has shown to deliver consistent circularity and aspect ratio values for acetaminophen. Both of these are important attributes in systems where flowability and filtration can be highly sensitive to any significant deviations. Mean particle circularity stays consistent from 0.83 to 0.91 with aspect ratios of 0.56-0.74 (Table 4) . For majority of the milled samples increasing rotational speed (rpm) within the same teeth configuration had increased the circularity and aspect ratio. This was primarily due to increased volumetric flow rate from 0.29 to 1.3 (L/min) through the recycle setup which subsequently leads to greater number of slurry turnovers and more particle-teeth collisions. After the initial mass fracture process, during attrition and de-agglomeration, particles were considerably rounded off whilst colliding with more teeth present within the geometry. Hence, the controlled secondary nucleation phase after mass fracture shows that the competing processes were in equal states with particles still growing, healing & size reducing demonstrating simultaneous size and shape control whilst maintaining a high particle circularity from the WMSC process. This is further illustrated from the comparison of wet milled circularity from the seed material used indicating that due to the nature of dry milling, particles are largely irregular with greater surface roughening with a high presence of fines present (Fig. 7C) .
Surface heterogeneity analysis
Milling is believed to cause significant variation in particle surfaces as a result of breakage and overall intensity of the mill operation. As a consequence, this will lead to a significant change of an API's structural and chemical heterogeneity which in turn could pose difficulty during downstream processing (Ticehurst and Marziano, 2015) . Therefore, analysing the consistency of particle surfaces between solid samples is important. In addition to particle size and shape analysis, surface energies of wet milled acetaminophen under different teeth configuration, rotational speed (rpm) and of the dry milled material are reported here.
Surface areas through BET analysis show values in the range of 0.1-0.3 (m 2 /g) for the wet milled samples (Table 5 ). Operating at higher rotational speed (rpm) for each configuration resulted in smaller sizes and higher surface areas. However, the seed material generated via a dry ball mill yielded a much higher specific surface area than other samples (0.726 ± 0.0076 m 2 /g; Table 5 ). The dry milled seeds also showed extensive fines, a range of aspect ratios and a large number of small agglomerated primary particles in comparison to the wet milled samples from the SEM images (Fig. 8) . In contrast for all wet milled samples, the number of fine particles had evidently reduced during the course of cooling and size reduction when compared to dry milling (Fig. 7A-C) . The wet milled crystals showed a range of morphological features between different teeth configurations (coarse, medium, fine, Fig. 8C -L) which included rounded, almost spherical particles ( Fig. 8I and J) and evidence of particle breakage (Fig. 8F , K, L) presumably due to particle-teeth collisions. Across the SEM data, the impact of breakage as well as growth can clearly be seen (Fig. 8C-L) .
Crystallised and wet milled samples from the different configurations exhibited maximum (Table 5 ). Whilst consistent S d values amongst the majority of wet milled samples was observed irrespective of the particle size (Table 5) , analysing particle surface heterogeneity profiles across low and high energy surface sites displays variability in S d distributions from the measured samples ( Fig. 9A and B) . For the dry milled seed material, a considerably higher degree of heterogeneity from process induced disorder across surface coverage (0.005-0.09) is seen from 51.79 ± 0.57 (mJ/m 2 ) to a final value of 42.95 ± 0.38 (mJ/m 2 ). This is considerably higher to all low & high wet milled samples with the exception of medium 18 k ( Fig. 9A and B ). The area increment distribution of the seed is also relatively broad, emphasising the surface irregularity and distorted molecule orientation ( Fig. 9C and D) . This is consistent with the observation that this sample with the highest S d shows a greater propensity to agglomerate in comparison to the wet milled particles as increasing surface energy at low surface coverage leads to stronger cohesiveness between particles. At each rpm, the different wet mill teeth configurations yielded final particle sizes varying by approximately 20 (μm). Reported studies such as Trowbridge (Trowbridge et al., 1998) showed a 20% increase in dry milled S d with a decrease in particle size from 30 to 10 (μm). We have observed similar trends to a somewhat lesser extent from the majority of collected wet milled samples when increasing the rotational speed (rpm) between each rotor-stator configuration (Table 5) . Medium 6 k (19 total teeth), had a Dv50 of 64.91 (μm) and surface energy of 37.59 ± 2.12 (mJ/m 2 ) whereas a medium 18 k had a Dv50 of 41 (μm) and surface energy of 50.15 ± 1.17 (mJ/m 2 ) ( Table 5 ). The relatively high S d of medium 18 k in comparison to other wet milled configurations was unexpected, showing more surface roughening from breakage and subsequently an increase in exposure of specific crystal planes with different surface chemistries (Fig. 8) . Fine 6 k (29 total teeth) had a Dv50 of 56 (μm) and surface energy of 41.84 ± 0.27 mJ/m 2 , whereas fine 18 k had a Dv50 of 47.81 (μm) and surface energy of 42.91 ± 0.58 mJ/m 2 ( Table 5 ). The increase in heterogeneity profiles for fine 18 k & multiple-stage 18 k after 0.06 surface coverage could be attributed to other interactions occurring at the higher energy sites such as solvent effects (Fig. 9B) . Nevertheless, both samples maintained expected circular morphology with fine 6 k & 18 k showing well-faceted crystal faces (Fig. 8) . In addition to the coarse 6 k, which possessed 13 total teeth, these wet milled configurations at low rotational speed (rpm) had fairly similar particle size ranges (53.56 μm, 64.91 μm, 56 μm; Table 5 ) but with clearly different absolute energy heterogeneity profiles across the full surface coverage (Fig. 9A) . Altering between different rotor-stator teeth arrangement and speed (rpm) will subsequently lead to a different number of particle-teeth collisions and morphological features (Fig. 8) throughout, as the total number varies from 13 to 61 from 6000 (rpm) to 18,000 (rpm). When comparing the reduction in S d as surface coverage is increased, for low rotational speed (rpm) the percentage decrease ranged from 7.4 to 9.0% whereas for high rotational speed (rpm) including the decoupled experiment at 35°C and dry milled seed, values ranged from 6.9 to 22% (Fig. 9A and B) . This indicates that the number and direction of crystal faces and functional groups exposed varies when increasing or decreasing the number of teeth, rpm and consequently energy dissipated (0.04-30). Heng (Heng et al., 2006) reports that during a milling process, crystals of paracetamol fracture along their weakest attachment energy resulting in the dominant exposure of the crystal facet (0 1 0) determined by contact angle measurements with the surface chemistry of the facet being hydrophobic. In agreement with literature, for this process it would be reasonable to assume the immediate exposure of the crystal facet (0 1 0) is dominant upon mass fracture. However, crystal face indexing measured at different wet milling configurations and turnovers is out with the scope of this work. In addition to measuring particle size distribution spans, a heterogeneity profile constitutes an energy landscape of the material surface. To represent the heterogeneity of the samples in a more illustrative manner, the surface energy distributions are obtained by a point-bypoint integration of the surface energy profiles, resulting in plots of dispersive surface energy versus percentage of surface (area increment), as shown in (Fig. 9C and D) . Area increment curves plotted alongside surface energy distribution profiles show lower surface energy distributions are present for low rotational speeds (rpm) from areas 0 to 2.5% (Table 5 ) whereas for the WMSC and saturated coarse 18 k configuration which has a tighter and smaller particle size distribution varies from areas 0 to 3.4% (Fig. 7C) .
Interestingly, Luner (Luner et al., 2012) observed high shear wet milling for sucrose and succinic acid generated significantly higher surface energies than dry milling. In contrast, we found through combining wet milling with crystallisation generated small uniform particle size distributions with lower surface energies, which is desirable for Fig. 8 . SEM images from crystals produced under each experimental condition.
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International Journal of Pharmaceutics 554 (2019) 201-211 numerous crystallisation applications and downstream processing. Wet milling is increasingly being applied for continuous seed generation as producing in situ slurry seed particles with small sizes, high surface areas and low surface energies has the potential to provide greater control and reproducibility for uniform crystal growth. PVM images (Fig. S7 ESI) demonstrate an example of wet milled (coarse 18 k rpm) acetaminophen seeds being subjected to growth during cooling (0.13°C/min) with no milling whereby regular, large and well-faceted crystals can be produced and recovered. Although careful manipulation of wet mill parameters for targeting size and shape can be achieved, we report the heterogeneous nature of particle surfaces that can be obtained from a wet milled and crystallised process as a result of changing teeth configuration. This work starts to address the limited predictive capabilities for achieving specific surface area and energy attributes from wet mill devices. This would enable greater control for seed generation and size reduction processes for specific attributes (Ticehurst and Marziano, 2015) .
Conclusions
The effect of process parameters of a WMSC process have been demonstrated on three physical particle attributes of acetaminophen namely, particle size, shape and surface energy. Crystal sizes in the range of 30-60 μm with narrow particle size distributions (span = 0.78-1.66) and crystal shape control (e.g. circularity 0.80-0.98) have been selectively achieved through tuning of the principle wet mill parameters, rotational speed and teeth configuration. The combination of advanced inline CLD to PSD conversion with simultaneous offline imaging analysis was an effective means to measure and track key changes to PSD and shape during the dynamic wet milling processes. The WMSC experiments generated acetaminophen particles with surface energies in the range of 37-50 mJ/m −2 achieved from different teeth configurations. The combination of wet milling and crystallisation yielded lower surface energies than reported elsewhere (Luner et al., 2012) due to the surface healing driven by the crystal growth process. The heterogeneity of surface sites was impacted by increasing the number of teeth more than rotational speed. This is important as minimising heterogeneity can potentially improve manufacturability in downstream processing. Ultimately, selecting a high rotational speed with lower teeth proved to be desirable for engineering particle attributes. The robust and flexible nature of a WMSC strategy has the potential to serve as a smart particle engineering toolbox for future API manufacturing demands where the properties can be selectively manipulated for chosen processing performance characteristics. In order to deploy this method routinely, work is progressing to develop an integrated workflow for process design to complement what has been shown elsewhere for continuous crystallisation (Brown et al., 2018) .
